clusters are limited by their dependency on arbitrarily-defined genetic distance thresholds for 19 within-cluster divergence. Incomplete knowledge of a pathogen's underlying dynamics often 20 reduces the choice of distance threshold to an exploratory, ad-hoc exercise that is difficult to 21 standardise across studies. Phydelity is a new tool for the identification of transmission 22 clusters in pathogen phylogenies. It identifies groups of sequences that are more closely-23 related than the ensemble distribution of the phylogeny under a statistically-principled and 24 phylogeny-informed framework, without the introduction of arbitrary distance thresholds. 25
Introduction 35
generally low (Campbell et al. 2018) . an upper divergence threshold is implemented either as an absolute distance limit (Ragonnet-57
Cronin et al. 2013) or as a percentile of the distribution of pairwise sequence distances 58 (Prosperi et al. 2011) . A fundamental limitation of these non-parametric phylogenetic 59 clustering tools is the need to define this arbitrary absolute transmission cluster divergence 60 thresholds (termed as 'cutpoints' by Villandre et al., 2016) . The lack of a consensus 61 definition of a phylogenetic transmission cluster (Grabowski and Redd 2014) coupled with 62 incomplete knowledge of a pathogen's underlying epidemiological dynamics often reduces 63 the choice of cutpoints to an ad hoc exploratory exercise resulting in subjective cluster 64
definitions. 65 66
Phydelity is a novel phylogenetic clustering tool designed to negate the need for arbitrarily 67 defined cluster divergence thresholds. Requiring only the phylogenetic tree as input, 68
Phydelity infers putative transmission clusters through the identification of groups of 69 sequences that are more closely-related to one another than the ensemble distribution under a 70 statistically-principled framework. Phydelity, like another phylogenetic clustering tool that 71
we recently developed, PhyCLIP, is based on integer linear programming (ILP) optimisation 72 (Han et al. 2019 ). However, the two clustering tools are substantially different in their 73 approaches and ILP models such that their clustering results have entirely distinct 74 interpretations. PhyCLIP uses the divergence information of the entire phylogenetic tree to 75 inclusively assign statistically-supported cluster membership to as many sequences in the tree 76 as possible that putatively capture variant ecological, evolutionary or epidemiological 77 processes. To this end, PhyCLIP is useful for sub-species nomenclature development. 78
Phydelity, on the other hand, exclusively distinguishes closely-related pathogens with 79 pairwise sequence divergence that are significantly more likely to be drawn from the same 80 low divergence distribution than that of the ensemble. 
115

Clustering Algorithm 116
Figure 1(a) shows the overall workflow of Phydelity. First, Phydelity considers the input 117 phylogeny as an ensemble of putative clusters, each consisting of an internal node i and the 118 leaves it subtends. The within-cluster diversity of node i is measured by its mean pairwise 119 patristic distance ( 3 ). The patristic distance between two nodes, which can be any sequence 120 tips or internal nodes in the phylogeny, refers to the sum of branch lengths linking those two 121 nodes. Sequences subtended by i (i.e. all descendant tree tips of node i) are considered for 122 clustering if 3 is less than the maximal patristic distance limit (MPL), under which 123 sequences are considered more closely-related to one another than the ensemble distribution 124 The user can opt to either input the desired k parameter or allow Phydelity to automatically 134 scale k to the value that yields the supremum k-th core distance distribution with the lowest 135 overall divergence (i.e. the largest possible k that still yields the lowest overall divergence 136 between k-neighbouring tips). This is done by testing if "9: and " are statistically distinct 137 (p < 0.01) using the Kuiper's test (see Supplementary Materials). All clustering results of 138 Phydelity presented in this work were generated using the autoscaled value of k. Additionally, Phydelity requires any clonal ancestors in between the MRCA and tips of a 152 putative cluster to be as genetically similar to each other as they are to the tips of the cluster. 153
As such, for a putative transmission cluster, the mean pairwise nodal distance between all 154 internal and tip nodes of a cluster must also be ≤ (Figure 1c any two communities were generated at a probability of 0.00075. Subjects in the network 174 could either be in the "susceptible", "infected" or "removed" (i.e. individual was diagnosed 175 and sampled) state. Transmission clusters were attributed to sexual contact among individuals 176 belonging to the same community. 177 178 300 epidemics were simulated for four different weights of inter-community transmission 179 rates (w = 25%, 50%, 75% or 100% of the within-community rate). Two infected individuals 180 were randomly introduced in any of the 100 communities. Transmission time along an edge 181 followed an exponential distribution with rates directly proportional to the associated 182 weights. subnetwork(s) assigned to the same (or different) cluster(s) (Hubert and Arabie 1985) . 210 ARI ranges between -1 (matching between output clusters and community labels is 211 worse than random clustering) and 1 (perfect match between output clusters and ground 212 truth). 213
ii. Modified Gini index ( J ). Gini impurity, commonly used in decision tree learning, 214 refers to the probability of a randomly selected item from a set of classes being 215 incorrectly labelled if it was randomly labelled by the distribution of occurrences in the 216 class set (Breiman et al. 1984) . Here, J measures how often a randomly selected 217 sequence from the given network would be incorrectly clustered by the inferred 218 clusters. For a sexual contact network with T communities (i.e. ∈ {1, 2, … , }), J is 219 computed as: 220
where * is the set of clusters defined to have correctly classified sequences attributed 222 to community t (i.e. any cluster that constitutes the largest proportion of sequences 223 from community t at both the cluster and the community label levels), U is the 224 probability of sequence from community t and ( | ) refers to the probability that a 225 sequence is clustered under cluster c conditional of it being from community t. 
302
Modified Gini index ( J ) is the probbility that a randomly selected sequence would be incorrectly clustered. Relaxing the monophyletic assumption by dissociating distantly-related tips from putative 384 monophyletic clusters (see Methods) enables Phydelity to identify likely outlying sequences 385 as evidenced by their relatively longer branch lengths from the cluster ensemble (Table 1 and 386 Figure 4 ; Genotype 1a: cluster C1 -MAH66 and cluster C3 -MAH31, MAH62 and 387 MAH72; Genotype 4d: cluster C3 -MAH24 and MAH08). In particular, for genotype 1a, 388 even though the mean pairwise distance of MAH72 to members of cluster C3 is within a 389 standard deviation of the latter's within-cluster diversity, its distance to the more distant 390 members (e.g. MAH15 and MAH40, Figure 4 ) violated the inferred MPL (Table 1) . 391
Additionally, as a result of distal dissociation, Phydelity distinguishes clusters that are 392 genetically more alike amongst themselves than to those phylogenetically ancestral to it (e.g. 393 cluster C1.1 that is "nested" within cluster C1 for genotype 1a; Figure 4a 
467
Modified Gini index ( J ) is the probbility that a randomly selected sequence would be incorrectly clustered.
468
Normalised mutual information (NMI) accounts for the trade-off between clustering quality and number of 469 clusters.
471
The full A/H3N2 sequence dataset was then randomly sampled to smaller pools of 52 (25%) 472 as well as 93 (45%) isolates to assess how low sampling rates might affect Phydelity's 473 performance. To ensure that sequences involved in high-quality transmission pairs were also 474 sampled, such isolates would constitute different proportions (either 25% or 45%; as well as 475 70% for pools of 52 sequences only) of the downsampled datasets. 10 distinct downsamples 476
were generated for each sample size/high-quality transmission sequence combination and the 477 average results were tabulated (Table 2) . 478
479
As the MPL is informed by the phylogenetic tree, clustering results will consequently be 480 sensitive to the diversity of closely-related tips within the input phylogeny. Specifically, the 481 closely-related sequences that constitute the k-th core patristic distance distribution ( " ) must 482 be homogenous (i.e. similar difference between consecutive distances when " is sorted; see 483
Methods) but sufficiently distinct from the background diversity of the phylogeny. This was 484 demonstrated by the improved clustering results with respect to household identities with 485 greater proportional inclusion of genetically similar, high-quality transmission pairs in the 486 downsampled dataset (Table 2) . Furthermore, erroneous clustering of distantly-related tips 487 can be obtained if " has a similar distance distribution relative to the entire tree due to 488 insufficient divergence information from reduced sampling. This is evident from the general 489 decrease in the clustering performance of all downsampled data. In particular, clustering 490 closely-related, high-quality transmission clusters was worse off with a lower sample size. 491
492
Computational performance 493
For computational performance, Phydelity can process a phylogeny of 1000 tips, on an 494
Ubuntu 16.04 LTS operating system with an Intel Core i7-4790 3.60 GHz CPU, in ~3 495 minutes using a single CPU core and 253 MB of peak memory usage. 496
497
Discussion 498
Phydelity is a statistically-principled tool capable of identifying putative transmission clusters 499 from pathogen phylogenies without the need to introduce arbitrary distance thresholds. 500
Instead, Phydelity infers the maximal patristic distance limit (MPL) for cluster designation 501 using the pairwise patristic distance distribution of closely-related tips in the input 502 phylogenetic tree. Unlike other cutpoint-based methods, Phydelity does not assume clusters 503 are strictly monophyletic and can identify paraphyletic clustering owing to its distal 504 dissociation approach. For datasets that span extended periods of time, multiple introductions 505 within the same contact network and concurrent onward transmissions to other communities 506 can result in "nested" introduction events that would go undetected by monophyletic 507 clustering (Barido-Sottani et al. 2018). By relaxing this assumption, not only can Phydelity 508 pick up these "nested" events, it tends to produce clusters that are purer with a lower chance 509 of misclassification while excluding putative outlying tips that are exceedingly distant from 510 the inferred cluster. 
